Introduction
============

In recent years, the morbidity of breast carcinoma has increased; however, it is difficult to treat breast carcinoma in the clinical setting because of its high metastasis rate and high drug resistance to traditional chemotherapy.[@b1-ijn-12-3221],[@b2-ijn-12-3221] Gene therapy is being effectively used in the treatment of various malignant tumors due to its excellent features such as high specificity and relative low toxicity.[@b3-ijn-12-3221],[@b4-ijn-12-3221] Survivin is an important member of the inhibitors of apoptosis protein family, and a number of studies had reported that survivin gene was highly overexpressed in breast cancer, which was closely correlated with the diagnosis, therapy, and prognosis of breast cancer.[@b5-ijn-12-3221] Therefore, survivin gene is generally chosen as a target site in breast cancer therapy, because inhibition of survivin gene can effectively induce tumor cell apoptosis and further suppress the growth of tumor.[@b6-ijn-12-3221],[@b7-ijn-12-3221] Using siRNA as a therapeutic drug to silence survivin gene effectively inhibits the growth and metastasis of breast cancer cells.[@b8-ijn-12-3221],[@b9-ijn-12-3221] However, in order to siRNA be applied in the clinical setting, various challenges including physiological barriers such as serum ribonucleases degradation, renal clearance, low cellular uptake efficiency, and poor endosomal escape after endocytosis have to be overcome.[@b10-ijn-12-3221]--[@b15-ijn-12-3221] Development of a suitable carrier that effectively delivers siRNA to tumor cells is crucial to enhance its therapeutic efficiency.

Generally, in gene therapy, CS and its derivatives are used to deliver nucleic acid because of its non-toxic, non-immunogenic, biodegradable, biocompatible characteristics. CS with cationic charge due to the presence of primary amine group in weak acid environment is liable to form nanoparticles (NPs) or complexes with siRNA through electrostatic interactions. Therefore, CS-NP has an excellent potential to deliver targeted survivin siRNA into tumor cells.[@b16-ijn-12-3221],[@b17-ijn-12-3221] However, the application of CS as a vector for therapeutic siRNA delivery is limited due to its low transfection efficiency and poor cell membrane-penetrating capacity, thereby resulting in poor CS-NP uptake by tumor cells.[@b18-ijn-12-3221] Moreover, as CS has poor buffering capacity, it cannot mediate endosome/lysosome escape, and a part of CS-NP captured by endosomal/lysosomal system is degraded by lysosomal enzymes. All these drawbacks make CS-NP an inefficient candidate in cancer treatment.[@b19-ijn-12-3221],[@b20-ijn-12-3221] To overcome these drawbacks, CS is modified by a number of chemical and biological materials[@b21-ijn-12-3221]--[@b23-ijn-12-3221] to obtain CS derivatives; these derivatives have an enhanced transfection efficiency for siRNA delivery.

CPPs are usually used in pharmaceuticals as potential membrane-penetrating biomaterials. They can facilitate cellular internalization of macromolecules such as proteins, nucleic acids, and liposomes by interacting with negatively charged plasma membrane.[@b24-ijn-12-3221] Currently, hundreds of CPPs have been reported including natural polypeptides such as TAT peptide and artificially synthesized polypeptides. Few studies have found that artificially synthesized CPP sequences contain abundant of arginines,[@b25-ijn-12-3221],[@b26-ijn-12-3221] and the penetration efficiency of arginine-rich CPPs are more effective compared to arginine-poor CPP peptides. Therefore, arginine-rich peptides are most frequently used as CPPs. Due to its strong positive charge, arginine has an excellent cell-penetrating efficiency. As a result CPPs also have an excellent cell-penetrating efficiency, and a variety of polyarginine sequences have been determined, for example, 6-polyarginine (R6), 8-polyarginine, and 9-polyarginine.[@b27-ijn-12-3221]--[@b29-ijn-12-3221] The poly-arginines were introduced into carriers to improve their transfection efficiency for DNA or siRNA delivery, so CPPs-modified delivery vector with higher cellular uptake can transport DNA or siRNA into tumor cells easily.

In addition, to increase transfection efficiency, siRNA-loaded NPs must escape the endosome/lysosome pathway after intracellular uptake. Histidine modified the siRNA delivery carriers to improve its buffer ability.[@b30-ijn-12-3221],[@b31-ijn-12-3221] Histidine aids in endosomal/lysosomal due to its buffering capacity. This buffering capacity results in a "proton sponge effect" and destabilizes the membranes of the endosome/lysosome in the acidic environment and allows the NPs or complexes to escape from the endosome/lysosome rapidly.[@b32-ijn-12-3221]--[@b34-ijn-12-3221] In this study, we incorporated histidine residues into 6-polyarginine to design a novel H6R6 peptide to increase intracellular uptake and help NP escape from the endosome/lysosome and to enable the abundant release of siRNA into the cytoplasm to increase its bioavailability.

Based on this theory, in our study, H6R6 peptide was introduced into CS to obtain a new H6R6-CS copolymer as siRNA delivery vector. H6R6-CS copolymer possesses higher cellular internalization efficiencies and an outstanding buffering capacity compared to ungrouped CS; therefore, H6R6-CS/siRNA nanoparticles (H6R6-NP) showed a higher cellular uptake efficiency due to the presence of R6 that acted as CPPs to improve the cellular internalization of NPs and H6 producing "proton sponge effect" in the endosome/lysosome, can assist NPs to mediate lysosome/endosomal escape to further enhance transfection efficiency. This scheme is shown in [Figure 1](#f1-ijn-12-3221){ref-type="fig"}.

Materials and methods
=====================

Materials, cells cultures, and animals
--------------------------------------

CS (degree of deacetylation 88%) was obtained from Zhejiang Golden Shell Pharmaceutical Co., Ltd (Zhejiang, People's Republic of China). H6R6 peptide was synthesized by Zhongke Yaguang Biological Technology Co., Ltd (Beijing, People's Republic of China). siRNA was purchased from GenePharma Co., Ltd (Suzhou, People's Republic of China). HOBt and EDC were obtained from Aladdin Company (Shanghai, People's Republic of China). MTTs were obtained from Sigma Aldrich (St Louis, MO, USA). Cell Navigator™ Lysosome Staining Kit was purchased from AmyJet Scientific Inc (Beijing, People's Republic of China). Luciferase Assay Kit was purchased from Promega Corporation (Madison, WI, USA). Annexin V-FITC/PI apoptosis detection kit was obtained from the Key Gen Biotech (Nanjing, People's Republic of China). RPMI-1640 medium, DMEM medium, FBS, 0.25% trypsin, and PBS were all purchased from Thermo Fisher Scientific Inc (Waltham, MA, USA).

4T1 cells were obtained from the Department of Pathology, Institute of Medicinal Biotechnology, Peking Union Medical College, which was maintained with RPMI-1640 medium containing 10% FBS at 37°C in 5% CO~2~ incubator. Female BALB/c mice (4--6 weeks old) were purchased from Laboratory Animals Center of Vitalriver (Beijing, People's Republic of China), which were fed in specified experimental animal room. All animal experiments were approved by the Laboratory Animal Ethics Committee, Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College. The operational procedures of all animal experiments complied with institutional guidelines and protocols for the care and use of experiment animals.

Synthesis and characterization of H6R6-CS copolymer
---------------------------------------------------

H6R6-CS copolymers were synthesized by couple-crosslinking method and the procedure is as follows. Briefly, H6R6 peptide was dissolved in 5 mL DMF solution, and coupling reagents containing EDC, HOBt, and triethylamine were added. To this mixture CS was added and allowed to react for 24 h to obtain the copolymer. After 24 h, the reaction mixture was purified by dialysis for 48 h (molecular weight cutoff =3,500 Da) using distilled water so as to remove the unreacted peptides and DMF. The dialyzed mixture was then freeze-dried and H6R6-CS copolymer was obtained. The molecular structures of H6R6-CS copolymers were determined by mercury 500 MHz ^1^H-NMR, and the samples were dissolved in 2% CF~3~COOD/D~2~O at a concentration of 5 mg/mL.

Preparation and characterization of H6R6-NP
-------------------------------------------

H6R6-NP was prepared by complex coacervation method as previously reported in the literature.[@b35-ijn-12-3221],[@b36-ijn-12-3221] H6R6-CS polymer was dissolved in acetic acid buffer solution whose pH is 5.5 and then the mixture was filtered using 0.22 mm sterile membrane. siRNA solution was obtained by diluting 20 µM siRNA in DEPC water. Then the H6R6-CS copolymer solution and free siRNA solution were heated in a water bath for 20 min at 55°C, and subsequently mixed and vortexed for 40 s to obtain H6R6-NP.

The particle size and zeta potential of H6R6-NP were measured by Malvern Zetasizer Nano instruments, and the surface morphology of H6R6-NP was detected using transmission electron microscopy.

Evaluation of binding affinity of H6R6-CS copolymer to siRNA
------------------------------------------------------------

The complexation behavior of H6R6-CS copolymer with siRNA was studied by agarose gel electrophoresis. H6R6-NPs were prepared in different weight ratios ranging from 60:1 to 200:1. Naked siRNA of same ratios was considered as control group. H6R6-NP along with 1 µg of siRNA was loaded in an agarose gel well (4% agarose gel), and electrophoresis was carried out at a constant voltage of 80 V for 30 min in 1% TAE buffer solution. The agarose gel was then stained with ethidium bromide solution for 60 min. The siRNA bands formed were analyzed using UV gel image system (SIM135A, SIM International Group Co. Ltd) at a wavelength of 365 nm.

Cytotoxicity analysis of H6R6-CS copolymer
------------------------------------------

The cytotoxicity of H6R6-CS copolymer and anti-proliferation effect of H6R6-NP in vitro were analyzed by MTT assay. 4T1 cells (5,000 cells/well) and B16-F10 cells (8,000 cells/well) were used in this assay and they were seeded into each well of 96-well plates and incubated with RPMI-1640 and DMEM medium, respectively. Then, the cells were treated with different concentrations of H6R6-CS copolymers (5--80 µg/mL) for 4 h in a serum-free medium, and the medium was replaced with fresh medium containing 10% FBS and incubated for another 44 h. Then, the culture medium was removed carefully and washed with PBS twice. Subsequently, 4T1 cells and B16-F10 cells were incubated with MTT solution for 4 h, and then 150 µL DMSO was added to dissolve the intracellular formazan crystals. The OD was detected by a microplate reader at 490 nm. Cell viability (%) was defined using the following formula: viability (%) = (OD~sample~/OD~control~) ×100%, where OD~sample~ is the OD obtained in the presence of copolymer and OD~control~ is the absorbance of cells that were not treated with copolymer.

Cytotoxicity analysis of H6R6-NP
--------------------------------

To analyze the cytotoxicity of H6R6-NP, 5×10^3^ 4T1 cells were seeded into 96-well plates and incubated for 24 h for adherence. H6R6-NP at concentrations ranging from 2.5 to 10 pmol/well was added to the cells in serum-free medium. The treated cells were cultured for 24 h and 48 h, respectively, and then the cell viability was measured at 490 nm using a microplate reader.

To further estimate the anti-proliferation effect of H6R6-NP on 4T1 cells, 5×10^3^ 4T1 cells were seeded into 96-well plates and incubated for 24 h for adherence. The cells were then incubated with naked siRNA, CS-NP, H6R6-NP, and Liposome 2000 for 48 h. The concentration of siRNA in every group was 5 pmol/well, and the cell viability was tested by a microplate reader.

Wound-healing assay
-------------------

The anti-metastasis effect of H6R6-NP was estimated using a wound-healing assay. 5×10^4^ 4T1 cells were seeded into 24-well plates, incubated overnight in 5% CO~2~ incubator for adherence, and scraped with the aid of sterilized tips to create a linear scratch wound. The cells were then washed twice with PBS solution carefully. A total of 20 µL H6R6-NP suspension containing 30 pmol/well siRNA and 480 µL fresh serum-free medium were added to every well. Naked siRNA (30 pmol/well) and CS-NP (30 pmol/well) were used as negative control, and cells that did not undergo any treatment were used as blanks. Movement of cells into the wound area was photographed at 0 h, 24 h, and 48 h using an inverted microscope and digital camera.

Cellular uptake study
---------------------

The apoptosis effect and cellular uptake of H6R6-NP were evaluated by flow cytometry. To evaluate cell apoptosis, 8×10^4^ 4T1 cells were seeded into 6-well plates with RPMI-1640 medium supplemented with 10% FBS and incubated overnight before transfection. The medium was then removed and H6R6-NP solution containing 200 pmol siRNA in a serum-free medium was added. After 4 h of incubation, it was replaced by fresh cell culture medium containing 10% FBS. The treated cells were further incubated for another 44 h at 37°C in 5% CO~2~ incubator. After incubation, the cells were washed three times with PBS, trypsinized by 0.25% trypsin, and centrifuged at a speed of 2,000 rpm for 5 min. The collected cells were suspended in 300 µL binding buffer solution, and 5 µL Annexin V-FITC and 5 µL PI were added to the above solution. After 10 min of incubation at room temperature, the treated cells were detected by flow cytometer.

Induced apoptosis assay
-----------------------

To evaluate the uptake efficiency of H6R6-NP, 4T1 cells were seeded into 12-well plates at a density of 15×10^4^ cells/well with RPMI-1640 containing 10% FBS. After 24 h of incubation for proliferation to take place, the cells were transfected with H6R6-NP solution containing 100 pmol/well siRNA-FAM in a serum-free medium for 4 h. The same concentration of naked siRNA and CS-NP were treated as control group. The cells that did not undergo any treatment were treated as blank group. After 4 h of transfection, the medium was removed and the cells were washed with PBS twice, digested with 0.25% trypsin, and the cells were collected in 0.5 mL PBS solution. The uptake behavior of the NPs was analyzed by flow cytometry.

CLSM analysis
-------------

4T1 cells were seeded into 24-well plates at a density of 3×10^4^ cells/well in RPMI-1640 containing 10% FBS and allowed to adhere overnight. The cells were treated with naked siRNA-FAM, CS-NP, and H6R6-NP in a serum-free medium for 4 h. After 4 h incubated, the 4T1 cells in every group were washed with PBS twice, subsequently, were fixed in 4% formaldehyde for 10 min, and stained cell nuclei with DAPI for 10 min, then, were observed using confocal fluorescence microscope (LSM710) at the 410--495 nm filters.

Endosomal escape ability of H6R6-NP
-----------------------------------

The ability of endosomal escape of H6R6-NP was investigated by CLSM. In brief, 4T1 cells were seeded into 24-well plates at a density of 4×10^4^ cells/well and incubated overnight. The cells were then treated with CS-NP and H6R6-NP in a serum-free medium for 6 h, respectively. After 6 h incubated, the 4T1 cells in CS-NP and H6R6-NP group were washed three times with PBS and fixed in 4% formaldehyde for 10 min, stained cell nuclei with DAPI for 10 min, and stained endosome/lysosome with lysosomal-staining solution for 60 min at room temperature, then cells were washed with PBS solution again and observed through the confocal fluorescence microscope (LSM710).

Suppression of tumor growth and metastasis
------------------------------------------

4T1^luc^ cells in log phase of growth were suspended in PBS solution. A total of 0.1 mL of the suspension solution was subcutaneously injected into the fourth mammary fat pad of BALB/c female mice (4--6 weeks old). Two weeks after the inoculation of 4T1 cells, the volume of the solid tumor grew to 130--140 mm^3^. The tumor-bearing mice were randomly divided into three groups each containing five animals: blank (saline), naked siRNA, H6R6-NP. In naked siRNA and H6R6-NP groups, siRNA was injected regularly every other day for five times at a concentration of 0.3 mg/kg. The tumor volume was measured periodically using a caliper ruler and calculated by the following equation: tumor volume (mm^3^) = (L × S^2^)/2, where S and L represent the short and long diameter of tumor, respectively. All mice were executed by cervical dislocation, the tumors and organs (lung and liver) excised, and then immersed in 4% (w/v) paraformaldehyde solution for histopathological analysis.[@b37-ijn-12-3221] The lung and liver tissues of tumor-bearing mice were excised and fixed in 4% (w/v) paraformaldehyde solution for 2 days, and the tissue samples of the lung and liver were embedded into paraffin, followed by staining with H&E. The stained sections were observed and photographed using light microscopy.

Animal survival experiment
--------------------------

To investigate the survival ratio of tumor-bearing mice, 20×10^4^ 4T1 cells were subcutaneously injected into the fourth mammary region of 4--6-weeks-old female BALB/c mouse. These mice were treated as tumor-bearing mice model. After the tumor volume reached about 130 mm^3^, the mice were then randomly assigned to three groups (n=10): the test group was injected with H6R6-NP and blank group was injected with 0.9% saline. The negative group was injected with equal dose of naked siRNA. Drug administration was carried out every other day for five times and the injection dose of siRNA was 0.3 mg siRNA/kg. The survival ratio of tumor-bearing mice was observed on time.

Results and discussion
======================

Synthesis and characterization of H6R6-CS copolymer
---------------------------------------------------

H6R6-CS copolymers were prepared by link-coupling method and the steps are as follows. First, H6R6 peptide was activated at room temperature, and EDC and HOBt were used as coupling agent. CS was then added to the solution and was allowed to reacting for 24 h to obtain H6R6-CS copolymers. As we preconceived, H6R6 peptide was introduced into the CS molecule. This design improved the transfection efficiency and had two advantages: R6 helped the NPs to penetrate the cell biomembrane resulting in a high uptake efficiency and H6 helped the NPs to escape from endosome/lysosome due to its protonation in the acidic environment. Therefore, this synthetic H6R6-CS copolymer is an outstanding carrier for siRNA delivery.

The ^1^H-NMR spectra of H6R6-CS copolymer is shown in [Figure 2](#f2-ijn-12-3221){ref-type="fig"}. The chemical signal at 1.7--1.8 ppm belonged to CS appeared at 1.7--1.8 ppm, which belonged to the *N*-acetylated units proton (--COCH~3~) from CS, and the multiple peaks at 3.2--3.6 ppm belonged to the glucosamine units from CS (H-3 to H-6, H-6′) ([Figure 2A](#f2-ijn-12-3221){ref-type="fig"}).[@b38-ijn-12-3221] Characteristic peaks of H6R6 peptides were also observed: the multiple peaks at 1.1--1.5 ppm were attributed to -NH~2~-CH~2~-of arginine, and the protons peaks at 7.0 ppm and 8.3 ppm were assigned to the protons of imidazole ring from histidine shown in [Figure 2B](#f2-ijn-12-3221){ref-type="fig"}.[@b39-ijn-12-3221],[@b40-ijn-12-3221] The characteristic peaks of H6R6 peptide and CS that simultaneously appeared in the ^1^H-NMR spectra of H6R6-CS copolymer indicated that H6R6 peptides were successfully grafted to the surface of CS molecule ([Figure 2C](#f2-ijn-12-3221){ref-type="fig"}). The number of conjugated H6R6 peptide was calculated by comparing ^1^H-NMR peak intensities between the proton peaks of *N*-acetylated units of CS and imidazole group of histidine. It was found that the degree of replacement of H6R6 peptide on the CS molecule was approximately 10%.

Preparation and characterization of H6R6-NP
-------------------------------------------

H6R6-NP was constructed by complex coacervation method. First, H6R6-CS copolymer was dissolved in 1 mg/mL of acetate solution. In this slightly acidic environment, H6R6-CS copolymer had a positive charge and reacted with negatively charged siRNA by electrostatic interaction, and as a result NPs with high encapsulating efficiency were formed. The average particle size of H6R6-NP was 175 nm (PDI =0.25) ([Figure 3A](#f3-ijn-12-3221){ref-type="fig"}) and the ζ potential was +14.8 ([Figure 3B](#f3-ijn-12-3221){ref-type="fig"}). These indicate that the NP surfaces are surrounded by H6R6-CS polymers with positive charge, and H6R6-NP exhibited a spherical-shaped and smooth surface morphology with smaller particle size ([Figure 3C](#f3-ijn-12-3221){ref-type="fig"}). In addition, gel retardation was performed to assess the binding capacity of copolymers to the siRNAs ([Figure 3D](#f3-ijn-12-3221){ref-type="fig"}). The results showed that the H6R6-CS copolymer effectively condensed with siRNA at a weight ratio of 100:1, suggesting that H6R6-CS had preferable siRNA loading capacity.

Proliferation inhibition effect of H6R6-NP
------------------------------------------

The cytotoxic effect of H6R6-CS copolymer on tumor cells 4T1 and B16-F10 was assessed by MTT method. The cell viability ratio in various groups was observed to be more than 90% at concentrations ranging from 5 µg/mL to 80 µg/mL, which indicates that H6R6-CS copolymer had no distinct cytotoxic effect on these two tumor cells after 48 h of incubation ([Figure 4A and B](#f4-ijn-12-3221){ref-type="fig"}). This result emphasizes that H6R6-CS copolymer can be used as a safe carrier for delivering siRNA.

The H6R6-NP for delivering the targeting survivin siRNA significantly inhibited the proliferation of 4T1 cells. The cell viability ratio of 4T1 cells treated with H6R6-NP at a concentration of 5 pmol/well was remarkably lower than that of other groups. Furthermore, H6R6-NP exhibited time-dependent cytotoxic effects. The cell viability ratio of H6R6-NP group after 48 h of incubation was significantly lower than that after 24 h of incubation ([Figure 4C](#f4-ijn-12-3221){ref-type="fig"}). In addition, 4T1 cells were treated with free siRNA, CS-NP, H6R6-NP, and Liposome 2000, respectively. The cell viability ratio in each group differed. Free siRNA and CS-NP groups exhibited a low inhibitory effect and the cell viability ratio was 83% and 72%, respectively. Whereas the cell viability ratio was 54% in H6R6-NP groups and showed an obvious inhibitory effect in vitro compared to other groups ([Figure 4D](#f4-ijn-12-3221){ref-type="fig"}), for example, the positive group Liposome 2000. This result suggests that siRNA encapsulated with H6R6-CS polymer has as an excellent therapeutic effect on 4T1 cells.

Effect of H6R6-NP in inducing apoptosis
---------------------------------------

The ability of H6R6-NP to induce apoptosis and to cause necrosis in 4T1 cells was analyzed by Annexin-V-FITC/PI test. Annexin-V-FITC, a binding protein, can bind with phosphatidyl serine and can translocate from inner to outer leaflet of cell membranes, whereas PI can enter necrosis cells easily. The combined application of Annexin-V-FITC and PI helps in distinguishing normal from necrosis cells. Annexin-V-FITC/PI was used to stain the 4T1 cells after treatment with various formulations containing the dose of 200 pmol therapeutic siRNA for transfection 48 h, and then were analyzed by flow cytometer. The apoptotic rate of 4T1 cells treated with PBS (blank group) and free siRNA was lower, about 8% and 14%, respectively, whereas those of the cells treated with CS-NP was higher (about 17%). This emphasizes that CS-NP has a slight apoptosis-inducing effect as CS protects siRNA from degradation. While in the H6R6-NP group, the apoptotic rate was 30%, which is significantly higher than that of the other groups ([Figure 4E](#f4-ijn-12-3221){ref-type="fig"}). This result demonstrates that H6R6-NP induced apoptosis remarkably due to its high transfection efficiency.

Antimigration effect of H6R6-NP
-------------------------------

The antimigration effect of H6R6-NP on 4T1 tumor cells was evaluated by wound-healing assay. The results are shown in [Figure 5](#f5-ijn-12-3221){ref-type="fig"}. At 24 h of incubation, scratch wound was clearly visible in every group, while at 48 h of incubation, the wound in blank and naked siRNA groups was almost closed and overlapped completely. This result implies that 4T1 cells proliferated rapidly in these two groups; however, in CS-NP and H6R6-NP groups, obvious wound was observed due to the antimigration function of the NPs. Moreover, the scratch-wound area was wider in H6R6-NP group compared to CS-NP. This result suggests that H6R6-NP could inhibit 4T1 cell migration effectively compared to CS-NP.

Uptake study and endosomal esacpe effect
----------------------------------------

The uptake ability of H6R6-NP in vitro was evaluated by flow cytometry and CLSM ([Figure 6](#f6-ijn-12-3221){ref-type="fig"}). We prepared NPs encapsulated with siRNA-FAM before the start of the experiment, which can be quantified approximately. According to our theory, the cellular uptake of H6R6-NP is expected to increase due to the cell-penetrating effect of R6. Once the NPs enter into the cells, they get trapped and escape from endosome/lysosome because of the protonation of imidazole ring present in histidine. As a result the release of siRNA into cytoplasm gets increased and the treatment effect gets enhanced further.

As shown in [Figure 6A](#f6-ijn-12-3221){ref-type="fig"}, the uptake efficiency of cells treated with naked siRNA and CS-NP was low, and uptake curve showed a slight shift in these two groups. In contrast, the uptake curve of the H6R6-NP group shifted to the right compared to that of the naked siRNA and CS-NP groups. Two peaks appeared in different position, and this phenomenon ascribed that the substitute degree of H6R6 on the CS was uneven. These results indicate that H6R6-NP could be internalized easily and thus enhance fluorescence intensity. These results also reveal that H6R6-CS copolymer can deliver siRNA into the tumor cells effectively compared to CS-NP. This conclusion was further verified by CLSM test. To further investigate the intracellular distribution of H6R6-NP in 4T1 tumor cells, the siRNA (FAM labelled) was selected to prepare the drug-loading nanoparticle, the FAM labeled siRNA merged a green fluorescence at 488 nm. After 4 h of transfection, the green fluorescence was almost invisible naked siRNA-FAM group, and the fluorescence was quite weak in CS-NP group. This indicates that naked siRNA-FAM and CS-NP could not enter the tumor cells. In contrast, when siRNA-FAM was delivered via H6R6-CS copolymer, H6R6-NPs were found inside the cytoplasm of the 4T1 cells and showed a higher internalization compared to free siRNA and CS-NP. Taken together, the results of this study reveal that H6R6-NP is internalized by tumor cells easily ([Figure 6B](#f6-ijn-12-3221){ref-type="fig"}).

The endosome/lysosome escape capacity of H6R6-NP was estimated by treating 4T1 cells with CS-NP and H6R6-NP, respectively. The cells were then observed using confocal microscope. The endosomes/lysosomes stained with cell Navigator Lysosome Staining Kit formed a deep red fluorescence, and siRNAs stained with FAM formed a green fluorescence. The cell nucleus appeared blue fluorescent on staining with DAPI. When the NPs were trapped in the endosomes/lysosomes, the green fluorescence and red fluorescence overlapped to show a yellow fluorescence around the cell nucleus. After 6 h of incubation, in CS-NP group, siRNA-FAMs (green) were homogeneously surrounded by lysosomes/endosomes (red). The green siRNA-FAM and red lysosomes/endosomes merged to form a yellow fluorescence, which suggested that CS-NP accumulated within lysosomes/endosomes after 6 h of transfection. The H6R6-CS/siRNA nanoparticle (green fluorescence labeled) appeared around the cell nucleus and was clearly separated with the red fluorescence from lysosomes/endosomes, which indicated that the nanoparticle was distinctly got away from lysosomes/endosomes (red fluorescence labelled) ([Figure 6C](#f6-ijn-12-3221){ref-type="fig"}). Thus we concluded that H6R6-CS had significant buffering capacity and could assist siRNA to escape from lysosomes/endosomes. This phenomenon attributed to the protonation of imidazole resulting in "proton sponge effect", which in turn could rupture the lysosomes/endosomes membrane to release siRNA into cytoplasm.

Results of animal experiments
-----------------------------

For investigating the therapeutic effect of H6R6-NP on breast cancer, tumor-bearing mouse model was established to inject 4T1^luc^ into the orthotopic mammary site of female BALB/c mice. In blank group an increased tumor growth was observed, which emphasizes that H6R6-NP had no inhibitory effect on breast tumor cells. Whereas in free siRNA group, the tumor growth was relatively low, which suggests that free siRNA had a slight inhibitory effect on tumor cells. In the test groups, a sharp decrease in tumor growth was observed, which shows that H6R6-NP had a remarkable inhibitory effect on tumor cells ([Figure 7A](#f7-ijn-12-3221){ref-type="fig"}). At the end of the experiment, the solid tumors were excised from the tumor-bearing mice and weighed to investigate the antitumor effect. A significant decrease in the tumor weight was observed in the test group compared to the blank and free siRNA groups ([Figure 7B and C](#f7-ijn-12-3221){ref-type="fig"}). This result suggests that H6R6-NP had a significant inhibitory effect on the tumor growth of 4T1 cells, and this finding was consistent with that found in previous literature.[@b41-ijn-12-3221],[@b42-ijn-12-3221] This phenomenon ascribes that H6R6-CS copolymer as a non-viral vector can be used to encapsulate siRNA effectively to form a stable NP, which protects siRNA from being degraded by nuclease in tumor tissues. Moreover, H6R6-NP possessed higher membrane-penetrating capacity and better endosomal escape effect. As a result, a large amount of therapeutic siRNA could be released into the cytoplasm, thereby increasing the treatment efficacy. The survival curves of mice in various group are shown in [Figure 7D](#f7-ijn-12-3221){ref-type="fig"}. The mice in blank group were dead on the 38th day after inoculating tumor cells and those treated with naked siRNA had a slight prolonged survival time, but they died 42 days after administration. These results indicate that free siRNA had a low therapeutic effect on tumor-bearing mice, and all mice in test group treated with H6R6-NP survived for 49 days. Based on these results, we concluded that H6R6-NP can significantly prolong the survival time of tumor-bearing mouse.

As we all know, 4T1 breast cancer was highly invasive, and typically shift to the lung and liver in tumor-bearing mice. At the end of the experiment, tumor tissues were isolated from the lungs of tumor-bearing mice and photographed by a digital camera. The photograph ([Figure 8A](#f8-ijn-12-3221){ref-type="fig"}) shows that a plenty of white nodules were observed on the surface of lung lobe in blank and free siRNA groups, and no white nodules were observed in the test group. Presence of white nodules on the surface of lung lobe is an important symbol of 4T1 cell metastasis. In both blank and free siRNA groups, 4T1 cell metastasis was observed compared to test group, and a smaller metastasis scope in test group imply that H6R6-NP can hamper 4T1 tumor cells metastasis.

In addition, lung and liver tissues were stained with H&E for histopathological analysis. A large area of metastatic focus was found in the pathological lung tissues in blank group and naked siRNA groups. The morphology of the pathological slices of the test group was similar to that of healthy mice ([Figure 8B](#f8-ijn-12-3221){ref-type="fig"}), which showed a distinct difference in lung structure and alveolar septum. Results of liver histopathological analysis show that a large number of metastatic sites were found in the liver pathological slices in the blank and naked siRNA groups; however, in the test group, only few metastatic spots were found, and the hepatic tissues appeared similar to that of the normal mice ([Figure 8B](#f8-ijn-12-3221){ref-type="fig"}). Therefore, we concluded that tumor-bearing mice in blank and naked siRNA groups could not resist metastasis easily and the mice in test group could resist tumor metastasis effectively. These results demonstrate that H6R6-NP could inhibit 4T1 cell metastasis significantly; this conclusion is in accordance with previous reports.[@b43-ijn-12-3221]--[@b45-ijn-12-3221]

Conclusion
==========

Multifunctional H6R6-CS copolymers were prepared by linking H6R6 peptide and CS to overcome its low cellular uptake efficiency and poor endosomal escape ability for siRNA delivery. The results showed that introduction of H6R6 peptide into CS molecule increased its internalization efficiency and buffering capacity significantly. H6R6-NP possessed endosomal escape effect in vitro cell experiment, led to H6R6-NP escape from the endosomes rapidly and release siRNA into the cytoplasm effectively. Moreover, H6R6-NP can markedly inhibit the growth and metastasis of the tumor cells in vitro and in vivo. Thus, H6R6-CS copolymer is an outstanding vector for siRNA delivery and has tremendous potential to application in breast tumor therapy. We hope that future research will focus on H6R6-CS copolymer in developing it as a perfect carrier for intravenous siRNA delivery and in emphasizing H6R6-NP as a promising candidate to be applied in clinical setting for breast cancer therapy.
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![The process of intracellular behavior of H6R6-NP.\
**Notes:** (**A**) The structural formula of CS and H6R6 peptide. (**B**) The process of endosomal escape of H6R6-NP.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; siRNA, small interfering RNA; H6R6-CS, poly(histidine-arginine)~6~-modified chitosan; R6, polyarginine composed of six arginines; RISC, RNA-induced silencing complex.](ijn-12-3221Fig1){#f1-ijn-12-3221}

![The ^1^H-NMR spectra of CS (**A**), H6R6 peptide (**B**), and H6R6-CS copolymer (**C**).\
**Abbreviations:** CS, chitosan; H6R6, poly(histidine-arginine)~6~; H6R6-CS, poly(histidine-arginine)~6~-modified chitosan.](ijn-12-3221Fig2){#f2-ijn-12-3221}

![The characterization of H6R6-NP. (**A**) Size distribution; (**B**) zeta potential distribution; (**C**) TEM images of H6R6-NP (scale bar was 200 nm); and (**D**) agarose gel electrophoresis of H6R6-NP prepared at weight ratios ranging from 60:1 to 250:1.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; TEM, transmission electron microscopy.](ijn-12-3221Fig3){#f3-ijn-12-3221}

![MTT assay and apoptosis analysis by flow cytometry. Cytotoxic effect of H6R6-CS copolymer on (**A**) 4T1 cells at a concentration of 5--80 µg/mL and on (**B**) B16--F10 at a concentration of 5--80 µg/mL. (**C**) The anti-proliferation effect of H6R6-NP on 4T1 cells at the siRNA dose 2.5--10 pmol/well for incubating 24 h and 48 h. (**D**) The anti-proliferation effect of H6R6-NP on 4T1 cells after 48 h of incubation at a dosage of 5 pmol/well; naked siRNA and CS-NP were taken as controls and Liposome 2000 was taken as positive control. Data are expressed as means ± SD, n\>3. \**P*\<0.05 vs Naked siRNA group and CS-NP group (calculated by Student's *t*-test). (**E**) Apoptosis ratio of 4T1 cells treated with naked siRNA, CS-NP, and H6R6-NP. Cells that did not undergo any treatment were used as blank.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; H6R6-CS, poly(histidine-arginine)~6~-modified chitosan; siRNA, small interfering RNA; CS-NP, chitosan nanoparticle.](ijn-12-3221Fig4){#f4-ijn-12-3221}

![Wound-healing assay of H6R6-NP on 4T1 cells. 4T1 cells were treated with naked siRNA, CS-NP, and H6R6-NP and incubated for 48 h. Cells that did not undergo any treatment were used as blank. Wound healing was observed at 0 h, 24 h, and 48 h using an inverted microscope.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; siRNA, small interfering RNA; CS-NP, chitosan nanoparticle.](ijn-12-3221Fig5){#f5-ijn-12-3221}

![Uptake effect and endosomal escape effect in 4T1 cells were determined by flow cytometry and CLSM. (**A**) Cellular uptake behavior was studied by flow cytometer; cells that did not undergo any treatment were used as blank; (**B**) CLSM images of 4T1 cells incubated with naked siRNA, CS-NP, and H6R6-NP. Cell nuclei were stained with DAPI (blue), and siRNA was labeled by FAM (green fluorescence), the scale bar was 8 µm; (**C**) The study of the endosomal escape effect of the H6R6-NP, and the CS-NP was control group. Lysosomes and cell nuclei were stained with cell Navigator™ Lysosome Staining Kit (red) and DAPI (blue), respectively; siRNA-FAM formed green fluorescence. Scale bar was 8 µm.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; siRNA, small interfering RNA; CS-NP, chitosan nanoparticle; CLSM, confocal laser scanning microscopy.](ijn-12-3221Fig6){#f6-ijn-12-3221}

![The inhibitory effect of H6R6-NP on 4T1 tumor cells. (**A**) Tumor volume was measured every other day in tumor-bearing mice. (**B**) Tumor was exfoliated and weighed. The data was mean ± SD, n=5. (**C**) Photographs of tumor in blank group, naked siRNA group, and H6R6-NP group. Scale bar =20 mm. (**D**) The survival curve of tumor-bearing mice injected with naked siRNA and H6R6-NP, respectively; n=10; the blank group was treated with saline. \**P*\<0.05 vs blank group and naked siRNA group.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; siRNA, small interfering RNA; SD, standard deviation.](ijn-12-3221Fig7){#f7-ijn-12-3221}

![The suppression effect of H6R6-NP on cancer metastasis. (**A**) Images of lungs of tumor-bearing mice respectively treated with normal saline, naked siRNA, and H6R6-NP. Healthy mice were used as blank. Mice treated with saline and naked siRNA were used as negative control; scale bar =5 mm. (**B**) H&E-stained lung and liver sections of 4T1-bearing mice treated with saline, naked siRNA, and H6R6-NP. Lung and liver tissues from normal mice were taken as control; scale bar =12 µm.\
**Abbreviations:** H6R6-NP, poly(histidine-arginine)~6~-modified chitosan/siRNA nanoparticles; siRNA, small interfering RNA; H&E, hematoxylin and eosin.](ijn-12-3221Fig8){#f8-ijn-12-3221}
